UDP-glucose is formed during sucrose synthase action.
The difference in reaction products is important to the potential roles of invertases and sucrose synthases in C partitioning. First, the hexose products of the invertase reaction (glucose and fructose) each require one additional ATP for subsequent entry into glycolysis, an energy requirement that could be critical under conditions such as low oxygen stress (Koch et al. 2000; Perata et al., 1997; Zeng et al., 1998 Zeng et al., , 1999 . Second, glucose is favored as a major osmotic constituent in vacuoles during cell expansion (Avigad, 1982; Morris and Arthur, 1984; Walker and Pollock, 1993) , whereas UDP-glucose can contribute more directly to biosynthesis of complex polysaccharides [e.g., starch (Quick and Schaffer, 1996) , or cellulose (Delmer and Amor, 1995; Nolte et al., 1995) ].
Especially important, however, is the influence of hexoses on expression of sugar-modulated genes. Although some genes respond to sucrose per se (Barker et al., 2000; Chiou and Bush, 1998; Loreti et al., 2000; Rook et al., 1998; Smeekens, 2000) , most examined thus far respond to hexose products of sucrose cleavage via one of at least three mechanisms (see section on signals). In contrast, UDP-glucose produced during the sucrose synthase reaction does not appear to be sensed directly by currently known mechanisms for sugar signaling (Koch, 1996; Smeekens, 2000) . The UDP-glucose may be sensed by alternate means, but the end result appears to be that products of sucrose metabolism via invertases vs sucrose synthases can initiate different sugar signals. These in turn are reflected in distinctive profiles of sugar-responsive gene expression.
SUBCELLULAR SITES OF ACTION DIFFER.
Enzymes encoded by genes for invertases and sucrose synthases can have different sites of action. Sucrose synthases are cytoplasmic, and are sensitive to metabolic modulation at the enzyme level [e.g., by phosphorylation (Koch et al., 1995; Huber et al., 1996; Zhang and Chollet, 1997; Winter et al., 1998) and other processes (Quick and Schaffer, 1996) ]. In contrast, invertase gene products can be localized in the vacuole, cytoplasm, or cell wall compartments (Fig. 2) . In yeast, individual invertase genes can be targeted to multiple sites (Carlson 1999), but in plants, different genes typically encode invertases bound for different subcellular locales (Lorenz et al., 1995; Sturm et al., 1995; Weber et al., 1995; Xu et al., 1996; Godt and Roitsch, 1997; Gallagher and Pollock, 1998; Talercio et al., 1999) .
These plant invertases can be grouped by sequence similarity and correspond to previous protein classifications shown in Fig. 2 (Weber et al., 1995; Koch et al., 1996) . Until recently it was not clear that distinctly separate genes were involved for cytoplasmic invertases, and activity of these enzymes varied greatly among different systems (Quick and Schaffer, 1996; Lee and Sturm, 1996; Walker et al., 1997; Gallagher and Pollock, 1998) . Common features are typically evident among genes that encode vacuolar (soluble) proteins vs tightly bound cell-wall forms Sucrose metabolism can affect whole-plant C partitioning in at least two major ways: the first is by providing substrates for growth at different sucrose-importing sites (sinks), and the second is by generating signals to sugar-responsive genes. Sucrose and its metabolism have long been known to play a central role in the allocation of C resources among plant parts. It is the primary transport sugar in the phloem of most species (Zimmerman and Ziegler, 1975) , where it supports the C demands of virtually all nonphotosynthetic cells in these plants. Sucrose and its use are thus essential for growth of most fruit, flowers, stems, new leaves, roots, and meristems. Extensive evidence has shown that this growth and the capacity for organs to compete for sucrose, are often closely related to activity of enzymes for sucrose metabolism (Geiger et al., 1996; Quick and Schaffer, 1996) .
A second aspect of sucrose metabolism central to manipulations of C partitioning is its role in signals for altered gene expression. Some genes are especially sensitive to sugar availability, and these include genes that can alter development (Koch, 1996; Jang et al., 1997; Riou-Khamlichi et al., 2000; Smeekens and Rook, 1997) . Depending on the gene involved, sugars can upregulate their expression, down-regulate their expression, or have relatively limited effect (Koch, 1996; Koch et al., 2000) . The type of sugar is also important to initiation of sugar signals, so that the effect of imported sucrose on gene expression can vary markedly with the extent of its metabolism, the path of this metabolism, and the precise site where it occurs (Koch, 1996; Koch et al., 1996 Koch et al., , 2000 Lalonde et al., 1999) . Thus, in a general sense, sucrose can be viewed as a long-distance signal conveying information on plant carbohydrate status (Koch, 1996; Jang et al., 1997; Smeekens and Rook, 1997) . However, in a more specific sense, its ultimate effect on gene expression in an importing organ will depend on the physical and metabolic path followed by sucrose entering a given tissue (Chiou and Bush, 1998; Gibson, 2000; Koch, 1996; Koch et al., 1996 Koch et al., , 2000 Lalonde et al., 1999; Smeekens and Rook, 1997; Weber and Wobus, 1997) .
Two paths of sucrose cleavage PRODUCTS AND POTENTIAL SUGAR SIGNALS DIFFER.
Invertase and the reversible sucrose synthase reactions are the only known enzymatic paths for sucrose cleavage in vascular plants. They differ in several important ways, but differences in products of the reactions are especially significant. Figure 1 shows that invertase hydrolyzes sucrose (12-C disaccharide) directly to its glucose and fructose constituents (6-C hexoses). The reaction is essentially irreversible and its products differ from those of the degradative reaction of sucrose synthase. Although free fructose is produced during both reactions, free glucose results only from invertase activity, and (insoluble) (Roitsch et al., 1995; Koch et al., 1996) . Some soluble invertase proteins also may be secreted into the cell wall space, where a portion of the activity may remain loosely or minimally bound (Avigad, 1982; Quick and Schaffer, 1996) . Both soluble and insoluble invertase gene products are heavily glycosylated (Quick and Schaffer, 1996) , and those in the cell wall are subject to inhibition by a specific, extracellular protein apparently present in a number of plant species (Bracho and Whitaker, 1990; Pressey and Russel, 1994; Krausgrill et al., 1996; Greiner et al., 1997; 1999) .
Gene responses to sugar INDUCTION BY ABUNDANCE VS. DEPRIVATION; WHOLE-PLANT IM-PLICATIONS.
Specific plant genes can respond markedly to availability of sugars and these responses can vary widely depending on whether genes are being induced or repressed (Koch, 1996) . Although such regulation has long been known in yeast and microorganisms (Koch, 1997; Smeekens and Rook, 1997; Carlson, 1999; Johnston, 1999) , this possibility was recognized relatively recently for vascular plants. In microbial and single-celled systems such as algae, gene responses to sugars are part of an ancient mechanism for acclimation to the prevailing environment. Under C-limited conditions, genes for C acquisition are up-regulated (e.g., induction of photosynthetic genes in algal systems) whereas with C abundance, genes for storage are induced (e.g., enhanced expression of genes for biosynthesis of starch and storage proteins).
Plant cells generally respond similarly (Koch et al., 1996; Jang and Sheen, 1997; Smeekens, 1998; Lalonde et al., 1999; Gibson, 2000) ; however, their individual sugar environments are determined by a combination of whole-plant carbohydrate status, extent of phloem sucrose delivery, and the path of sucrose arrival and metabolism. In addition, sugar signals are integrated with those of tissue and organ locale through modulation by other endogenous regulators. Among these interacting factors are hormones (Arenas-Huerero et al., 2000; Ehness and Roitsch, 1997a; Gazzarrini and McCourt, 2001; Huijser et al., 2000; Koch, 1996; Laby et al., 2000; Linden et al., 1996) , nitrogen (Coruzzi and Bush, 2001; Koch, 1997; Stitt and Krapp, 1999) , phosphorus (Sadka et al., 1994) , and undoubtedly tissue-specific signals.
Collective responses are diagrammed in Fig. 3 , where changes in relative source activity (C export) and sink activity (C import) are shown to extend from the level of metabolism and gene expression to effects on C allocation between plant parts. Conditions of limited sugar availability can enhance source activity not only by enhancing photosynthetic gene expression (Koch, 1996; Jang and Sheen, 1997; Jang et al., 1997; Moore et al., 1999) , but also by up-regulating genes for remobilization of stored carbohydrates [as in germinating seeds (Graham et al., 1994; Loreti et al., 2000; Reynolds and Smith, 1995; Thomas and Rodriguez, 1994) ]. Subsequent export of sucrose to other plant parts is thus also favored when C availability is limited (Hesse et al., 1995; Koch, 1996) . Conversely, photosynthetic genes are typically repressed by abundant sugar supplies. Resulting decreases in photosynthesis are typically observed over time (usually a few days) in instances where leaf carbohydrate levels increase after shifts in the source-sink balance (Geiger et al., 1996; Goldschmidt and Huber, 1992) . These effects can be brought about by fruit thinning or CO 2 enrichment, for example (Geiger et al., 1996) . Responses to elevated CO 2 involve initial rises in photosynthetic rates, partially due to effects on the RuBisCO reaction, yet much of this response is often countered by longer-term repression of genes for photosynthesis by changes in sugar status and/or shifts in C/N balance (Moore et al., 1999; Stitt and Krapp, 1999; Van Oosten and Besford, 1996) . Although detrimental to plant C acquisition, this acclimation response process can benefit C/N Fig. 2 . Types of invertase and their predominant subcellular localization. Fig. 1 . The sucrose molecule (A) and the two known paths for its cleavage in higher plants (B). Note the difference in products of the invertase versus sucrose synthase reactions, particularly in their capacity to affect genes that respond to hexokinase-linked sugar signal transduction. HK = hexokinase, UDP-glucose = uridine di-phospho-glucose, UTP = uridine tri-phosphate.
